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Original Article
A Prospective Study to Determine the Effect of
Intermittent Pneumatic Foot and Calf Compression
on Popliteal Artery Peak Systolic Blood Flow
Suziah Mokhtar, Zainal A. Azizi and Naresh Govindarajanthran, Vascular Surgical Unit, 
Department of General Surgery, Hospital Kuala Lumpur, Kuala Lumpur, Malaysia.
OBJECTIVE: This study investigated the effects of posture and also intermittent foot and calf compression
on peak systolic flow of the popliteal artery in a normal population.
METHODS: This was a prospective study carried out in normal subjects at the Vascular Laboratory,
Department of Surgery, Hospital Kuala Lumpur, from March 2006 to September 2006. The study compared
the popliteal artery blood flow during change of posture from the horizontal (supine) to the sitting position
and the effect of intermittent pneumatic compression (IPC) of the foot and calf on popliteal artery blood
flow immediately and 10 minutes after cessation of compression.
RESULTS: A total of 15 subjects involving 30 limbs were examined in this study. On comparing flows
between the horizontal and sitting position, there was a mean reduction in blood flow of 23% (p < 0.005).
Immediately after compression of the foot and calf, there was an increase in blood flow of between 4%
and 35% with a mean of 15% (p < 0.05). Peak systolic flows at 10 minutes postcompression were 536 ± 95
mL/min, which was still significantly higher than precompression measurements.
CONCLUSION: There is a significant reduction in popliteal artery blood flow on changing from the supine
to the sitting position. Popliteal artery blood flow is higher than baseline after 15 minutes of intermittent
pneumatic foot and calf compression. The increase in popliteal artery blood flow is still present 10 minutes
after cessation of IPC. [Asian J Surg 2008;31(3):124–9]
Key Words: assisted circulation, intermittent pneumatic compression devices, peripheral vascular diseases,
posture, regional blood flow
Introduction
The concept of using mechanical means to increase blow
flow in the lower limbs started in the early 20th century.
In the 1930s, Landis and Gibbon, and Herrmann and Reid,1
used the application of alternating external pressure to
ischaemic legs with successful results. Unfortunately, as
methods for investigating blood flow were then lacking,
the promising clinical results from this treatment could
not be linked to favourable blood flow changes, and in
their inability to optimize pneumatic compression, initial
enthusiasm eventually faded. Only in the 1970s was the
clearance rate of subcutaneous 133xenon injection used to
demonstrate that a venous pump delivering intermittent
pulses to the foot and ankle could increase blood flow in the
limbs of sitting patients with peripheral vascular disease.1
Intermittent pneumatic compression (IPC) is currently
thought to be an effective means of augmenting arterial
volume flow in the lower limbs of patients with periph-
eral vascular disease. It has been documented that resting
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popliteal artery volume flow increases more than three
times upon application of intermittent calf compression2
and up to 84%3,4 when intermittent foot compression is
delivered. More recently, combined intermittent compres-
sion of the foot and calf has been shown to further enhance
arterial calf inflow and walking distance in patients with
stable intermittent claudication.5–7
The Arterial Assist Device (AAD; Art Assist®, ACI
Medical Inc., San Marcos, CA, USA) is the only commercially
available external pneumatic compression device used for
the purpose of increasing arterial blood flow. It applies a
pressure impulse to the foot, ankle and calf sequentially
and intermittently. The objectives of this study were to
show the change in popliteal artery flow from the hori-
zontal (supine) position to the sitting position in normal
subjects and to determine the effect of AAD application on
popliteal artery blood flow immediately after cessation of
compression and 10 minutes after cessation of compression.
Patients and methods
This study was a prospective study carried out at the
Vascular Laboratory in the Department of Surgery, Hospital
Kuala Lumpur from March 2006 to September 2006. The
participants consisted of hospital staff, medical students
and volunteers from the general population.
The inclusion criteria encompassed both males and
females between the ages of 20 and 45 years, without a
history of systemic or peripheral vascular disease. The
exclusion criteria included patients with congestive car-
diac failure, leg ulcers, trauma, swelling or pain, chronic
venous disease, diabetic peripheral neuropathy, severely
atherosclerotic or occluded popliteal artery and those on
vasoactive drugs (e.g. nifedipine).
After participants had given informed consent, their
history was taken prior to the examination and entered in
a standard proforma. The subject was allowed a 10-minute
rest in the horizontal position on a couch in the Vascular
Laboratory. The ankle-brachial systolic index was then
measured using a handheld continuous wave Doppler. The
popliteal artery was then located using a duplex ultra-
sound machine (ALOKA SSD-1700) with a 5.0–7.5 MHz
linear probe. B-mode real-time ultrasound imaging was
used to visualize the artery. The transverse real-time image
of the popliteal artery was confirmed before measure-
ment of the peak systolic flow was obtained with the
Doppler mode using the longitudinal image of the artery.
The Doppler angle was kept at 60 degrees or lower. Comput-
erized data analysis provided by the machine’s software
enabled calculation of the peak systolic flow of the popliteal
artery in millilitres per minute (mL/min). Assuming that
the blood vessel was of a perfect cylindrical shape, flow was
measured by multiplying velocity and cross-sectional area
(after obtaining the diameter using the machine’s electronic
calliper).
The baseline popliteal artery peak systolic flow in the
horizontal supine position was measured after a resting
time of 10 minutes with the knee slightly flexed and the
hip slightly medially rotated. Two readings were taken and
the average recorded. The participant was then asked to
sit at the edge of the couch for 10 minutes for flow stabi-
lization. The sitting popliteal artery peak systolic flow was
then measured with both legs supported in a dependent,
non-weight-bearing position with the knee flexed in a
comfortable position at about 45 degrees, which also gave
easy access for the Doppler probe to identify the popliteal
artery. Two readings were taken and their average recorded.
With the patient still in the sitting position, the AAD
was applied to the lower limb. The inflatable cuffs were
placed on the dorsum of the foot and the muscle mass of
the calf and connected to a timed-pressure pump (Art
Assist AA 1000, ACI Medical Inc.). The device produced
pressures of 100 mmHg and 120 mmHg to the foot and
calf respectively, for a short period of 3 seconds (± 0.5 sec-
onds). This period alternated with a longer period of 17
seconds (± 3 seconds) of zero-compression pressure, while
the pressure rise and fall times were extremely short, < 0.3
second (± 0.1 second). There was a 1-second (± 0.5 seconds)
delay between the start of foot compression and the start
of calf compression. The AAD machine was switched off
after 15 minutes of application. The popliteal artery peak
systolic flow was measured immediately and after 10 min-
utes. An average of two readings was taken at both times.
Statistical analysis was performed using SPSS version
10.5 (SPSS Inc., Chicago, IL, USA) for Windows. Descriptive
statistics were used for the patient’s characteristics. A paired
t test was used to compare the arterial flow before, imme-
diately after and 10 minutes after application of AAD. The
level for statistical significance was set at a p value of < 0.05.
Results
During the 7-month period, 15 individuals with a total of
30 limbs participated in the study. There were 10 males
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(67%) and five females (33%). In the horizontal position,
the popliteal artery peak systolic flow was between
495 mL/min and 985 mL/min with a mean of 692 mL/min
(Figure 1).
In the sitting position, the popliteal artery peak systolic
flow was between 425 mL/min and 780 mL/min with a
mean of 528 mL/min (Figure 2). This was a reduction in
the popliteal artery peak systolic flow of 9–38% with a mean
of 23% (Figure 3). Paired t test analysis showed a p value
of < 0.005, signifying that there was a significant decrease
in popliteal artery blood flow on changing from the
supine to the sitting position.
Immediately post-AAD application, there was an
increase in popliteal artery blood flow of 4–35% with a
mean of 15%. The mean popliteal artery blood flow pre- and
post-AAD application were 528 ± 95 mL/min and 609 ±
107 mL/min, respectively. Paired t test analysis showed a 
p value of < 0.005, signifying that there was a significant
increase in the popliteal artery blood flow between pre- and
immediately post-AAD. At 10 minutes post-AAD applica-
tion, the mean popliteal artery blood flow was 536 ± 95
mL/min (Figure 4). Paired t test analysis showed a p value
of < 0.005, signifying that there was a significant differ-
ence in popliteal artery blood flow between pre-AAD and
10 minutes post-AAD, although the difference was small.
Discussion
Early studies had shown that lower limb blood flow in
healthy subjects lying recumbent was about 15% greater
with the legs hanging over the couch than in the horizon-
tal position.8 Later, Beaconsfield and Ginsburg were able
to contradict this using plethysmography.9 They demon-
strated that when a normal leg is lowered while the body
remains in a constant recumbent position, blood flow in
the calf decreases. Despite some recovery with time, the
flow rate remained lower than when the subject was supine.
Using isotope (133xenon) clearance, Amery et al10 were
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Figure 1. Graph showing peak systolic popliteal artery blood flow in 30 limbs in the horizontal position.
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Figure 2. Graph showing peak systolic popliteal blood flow in the 30 limbs in the sitting position.
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able to demonstrate that muscle blood flow in the tibialis
anterior after maximum ischaemic exercise decreased in
normal and hypertensive subjects on assuming the erect
position (sitting or standing). Henriksen, elaborating on
the orthostatic changes of blood flow in the subcuta-
neous tissue, confirmed that patients with arteriopathy
without pain at rest displayed a similar vascular response
to that seen in normal subjects.11 In contrast, in patients
with pain at rest, he found that lower limb blood flow
increased on sitting and decreased on limb elevation,
explaining the frequent clinical observation that patients
with pain at rest due to peripheral arterial disease (PAD)
find relief in the upright position. He hypothesized that
the vessels in ischaemic areas might act passively, and as
nonischaemic areas respond normally, blood tends to
divert from nonischaemic to ischaemic tissues (inverse
steal syndrome) on dependency, improving perfusion and
relieving pain at rest.
Our study has demonstrated that popliteal artery
peak systolic flow is affected by posture, being signifi-
cantly higher in the recumbent than the sitting position
in normal individuals. Previous studies have shown that
flow decreases on dependency (supine with legs hanging
down) and upon standing in normal subjects.12,13
The mechanism underlying the normal vasoactive
reaction to postural changes is not fully understood. It
has been postulated that this might be due to an auto-
nomic control response mediated via sympathetic outflow
(C-fibres) into the lower limb. The venoarteriolar reflex
and the myogenic hypothesis have been given extensive
consideration in the literature as possible autoregulatory
mechanisms of the vasoconstrictor response to vascular
transmural pressure elevation.
Understanding these postural changes is the key to
the development of therapeutic measures to improve flow
and collateral circulation in patients with PAD. Mechanical
methods, such as IPC of the foot and calf, generate a haemo-
dynamic effect similar to that produced by a postural
change from sitting to reclining, and reduce peripheral
resistance to flow, to directly enhance arterial calf inflow
and, if used for several consecutive weeks, can improve lower
limb haemodynamics.
Furthermore, compression of the lower limb improves
venous emptying and lowers the venous pressure, thus
increasing the arteriovenous pressure gradient. In the sitting
position, the venous pressure in the foot is about 60 mmHg.
The application of IPC reduces this pressure to about
25 mmHg and therefore increases the arteriovenous pressure
gradient. The increased arteriovenous pressure gradient
causes an increase in lower extremity blood flow. This has
been postulated as the main possible mechanism by which
IPC improved blood flow in patients with claudication.14
Apart from the transient increase in the arteriovenous
pressure gradient, the calf flow augmentation observed
on application of IPC is also ascribed to the release of
endothelium-derived relaxing factors (nitric oxide [NO])
secondary to shear stress in the luminal interface of the
vessels.15,16 When IPC is applied to the lower extremity,
the sudden compression causes a pulsatile flow to move
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Figure 3. Graph showing the difference in peak systolic blood
flow in the horizontal and sitting position for the 30 limbs.
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Figure 4. Graph showing the peak systolic popliteal blood flow
at baseline, immediately postcompression and at 10 minutes
post foot and calf compression.
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forward while resulting in entire draining of blood at the
compression site. The distension caused by the rush of
blood imposes a compressive strain on the venous endothe-
lial cells. This phenomenon also translates to the arterial
system, which causes an increase in shear stress on arterial
endothelial cells. The mechanical forces of strain and shear
have been shown in animals and cell culture models to
induce physiological responses in endothelial cells that may
contribute to the release of biochemical mediators includ-
ing antithrombotics, profibrinolytics and vasodilators
such as NO, which cause an increase in blood flow.17
Morgan et al, with the use of duplex ultrasonography,
reported that during a 5-minute pneumatic foot pump
active period, mean popliteal volume flow increased by
93% in normal individuals (p < 0.0001) and 84% in patients
with PAD (p < 0.03).18 These results were confirmed by van
Bemmelen et al, who showed that flow increased by 110%
in normal individuals (p < 0.0001) and by 50% in patients
with claudication (p < 0.0001), while IPC (foot) was being
applied.19
Eze et al showed that the application of calf, foot, and
simultaneous calf and foot compression increased the
popliteal artery blood flow in volunteers by 124%, 54%,
and 173%, respectively, and in patients by 76%, 13%, and
50%. Foot skin perfusion increased in volunteers by 260%,
500%, and 328%, respectively, and in patients by 116%,
246%, and 188%.6
This study showed a lower increase in popliteal artery
blood flow (15%) immediately after cessation of AAD in
comparison to during compression (> 100% from previous
studies as mentioned), which is consistent with the findings
of Delis et al published in 2000.20 Although the increase
in blood flow was slightly lower after stopping the com-
pression, it was found to be statistically significant. We
found that even 10 minutes after cessation of AAD, there
was still a statistically significant increase in blood flow.
However, this increase may not be significant clinically as
the percentage increase in blood flow was only 1.6% over
baseline. This was, however, only after 10 minutes of com-
pression. In clinical practice, patients are required to
undergo longer sessions of compression in 1 day, and ben-
eficial effects may only be seen after a period of sustained
and continuous use.
Ramaswami et al found that IPC improved walking
distance in patients with stable intermittent claudication
and alleviated symptoms of limb ischaemia. They suggested
that IPC should be the first treatment modality in patients
with disabling claudication who are unfit for major
reconstructive surgery.7
Delis et al showed that AAD accelerated ulcer healing
in limbs with PAD, with or without infrainguinal graft-
ing.21 Pneumatic compression applied directly to an ulcer
should be avoided. By decreasing peripheral resistance to
flow and enhancing foot skin flux, IPC might also be ben-
eficial in limbs with distal vascular disease not amenable
to medical or surgical intervention, such as in Raynaud’s
and Buerger’s diseases and diabetic angiopathy.
van Bemmelen et al22 showed that a 3-month period of
intermittent compression treatment with AAD was asso-
ciated with limb salvage in nine legs (70%) at a maximum
follow-up of 2.5 years of 14 treated legs. The study group
consisted of 10% of the patients referred for chronic critical
ischaemia. These patients were deemed to face amputation
if left untreated but were not considered candidates for
surgical revascularization. Treatment was well tolerated
by nearly all patients and did not result in serious adverse
effects, allowing for prolonged conservative treatment.
In conclusion, our study showed that there is a signif-
icant reduction in popliteal artery blood flow on changing
from the supine to the sitting position, and that after only
15 minutes of IPC of the foot and calf, there is a significant
increase in popliteal blood flow that is sustained, albeit at
a lower level, 10 minutes after cessation of the compression.
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